Background: Indigowoad root polysaccharide (IRPS) is a natural polysaccharide isolated from the traditional
Chinese medicinal herb Radix Isatidis, and has many kinds of biological activities. However, the IRPS antiviral activity, especially the anti-porcine reproductive and respiratory syndrome virus (PRRSV) effect, has not been evaluated. Methods: PRRSV was propagated in the MARC-145 cell line, and viral titre was determined by cytopathic effect and expressed as the 50% tissue culture infection dose (TCID 50 ) in the current study. The cell cytotoxic effect of IRPS toward MARC-145 was evaluated by MTT assay firstly, then the inhibitory effects of IRPS on PRRSV replication in vitro were investigated by determining the effect of IRPS upon a single replicative cycle of PRRSV in MARC-145 cells. The effects of IRPS on viral RNA and protein synthesis in PRRSV-infected cells were investigated using real-time PCR and double-antibody (sandwich) ELISA. Results: IRPS was able to effectively suppress the infectivity of the PRRSV in a dose-dependent manner, especially by adding IRPS during the PRRSV infection. IRPS could affect the attachment of PRRSV to MARC-145 cells, and also inhibit the viral RNA and protein synthesis. Conclusions: IRPS has an antiviral effect on PRRSV replication in MARC-145 cells and might be useful in medical development for antiviral research. However, the precise mechanism of the host and viral targets of IRPS are unknown, so further studies should be conducted to investigate the precise mechanism of IRPS inhibitory effect on PRRSV infection.
Porcine reproductive and respiratory syndrome (PRRS)
is an economically important disease of swine-producing areas of the world [1, 2] . The causative agent of this disease is PRRS virus (PRRSV), which belongs to the family of Arteriviridae within the order Nidovirales together with the lactate dehydrogenase elevating virus of mice, equine arteritis virus and simian haemorrhagic fever virus. The clinical manifestations of PRRS include severe reproductive failure, post-weaning pneumonia, growth reduction and increased mortality [3] . PRRS was first discovered in the US in 1987 [4] [5] [6] , subsequently found in Europe, and identified in Asia in the early 1990s [7, 8] . To date, PRRS has spread worldwide with the characteristics of an endemic in swine-cultivating countries, causing significant economic losses each year. In June of 2006, the outbreaks of a type of highly pathogenic (acute and atypical) PRRS in most areas of China was identified to be caused by highly virulent Chinese-type PRRSV strains [9] . From January to July 2007 in this outbreak, 39,455 morbid pigs died among 143,221 infected pigs, according to the administrative files [10] . It is impossible to develop timely vaccines that could control the rapid spread of the variant viruses; hence, effective drugs would be extremely useful to control this disease. Unfortunately, there is currently no effective drug that could be used. Therefore, studying and developing effective drugs may be an important and significant measure in the current state.
The well-known traditional Chinese medicine herb Radix Isatidis has been widely used in medical practice in China for thousands of years, with an excellent safety record. It has strong activities in clearing away heat, Introduction cooling blood, removing toxin and eliminating inflammation [11, 12] . But the effective components remain ambiguous. Many studies have verified that polysaccharides are medically relevant substances with a wide range of biological activities, such as enhancing immunity, anti-oxidation, anti-cancer, anti-rheumatism and prevention of AIDS [11] [12] [13] [14] . Indigowoad root polysaccharide (IRPS) is an α-glycosidic bond polysaccharide isolated from the herb Radix Isatidis. The preliminary molecule weight of IRPS was 2.24×10
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, and the IRPS used in this study consists of four monosaccharides, including galactose, fructose, glucose and rhamnose with the content of 1%, 4%, 58.2% and 3.1%, respectively. It is assumed that IRPS exerts its major efficacy during the pharmacodynamics of the herb Radix Isatidis [15] ; however, no published experimental data are available yet. Especially with regard to IRPS's antiviral activity, thus far there have been few reports [12, 16] .
In the current study, we explored the inhibitory effects of IRPS on PRRSV replication in vitro by determining the effect of IRPS upon a single replication cycle of PRRSV in MARC-145 cells. Our results showed that IRPS could effectively suppress the infectivity of the PRRSV, interfere with the attachment of PRRSV to MARC-145 cells and also inhibit the viral RNA and protein synthesis. These findings suggested that IRPS has a potent antiviral effect against PRRSV and thus could contribute to the future development of antiviral research.
Methods
Cells and virus
Monkey kidney (MARC-145) cells were purchased from the China Institute of Veterinary Drug Control (Beijing, China). Cells were propagated in Eagle's minimal essential medium supplemented with 5% fetal calf serum (Hyclone, Logan, UT, USA) and 1% penicillin/streptomycin (Biothrom, Berlin, Germany) at 37°C in humidified 5% CO 2 atmosphere.
PRRSV HN strain used in this experiment was isolated from a farmed pig in Henan province, China, in 2007. Briefly, pigs had clinical signs of high and continuous fever, anorexia, red body discolourations and blue ears. Clinical samples (from lungs, kidneys, liver and lymph nodes) were collected, and virus was isolated and identified as a highly virulent Chinese-type PRRSV by our laboratory. Virus was propagated in the MARC-145 cell line, and the viral titre was determined by cytopathic effect and expressed as the 50% tissue culture infection dose (TCID 50 ). Virus samples were stored at -80°C until assayed.
Preparation of IRPS
Radix Isatidis was purchased from Henan Chinese Herbal Medicine drugstore (Henan, China). The separation of IRPS from Radix Isatidis was performed as described previously [17, 18] . Briefly, 50 g of fresh Radix Isatidis was cut into small pieces and immersed in 300 ml of water for 2 h, then boiled on a stove for 30 min. The solvent was filtered by gauze and subsequently collected into a flask. The dregs were processed again, according to the procedures described above, and refiltered to remove residues. It was concentrated by evaporating the solvent under reducing pressure. The concentrated liquid was finally lyophilized to dry and weight was calculated. The IRPS purity and composition were analysed. The extraction rate was 12.08%. The purified polysaccharide was examined without any protein and nuclear acid with ultraviolet spectral analysis, and the purity was 89.3%.
Virus titration
Viral titre was determined by TCID 50 as described by Hermann et al. [19] . Briefly, MARC-145 cells were seeded onto 96-well culture plates (Greiner Bio-One, Frickenhausen, Germany) at a density of 10 5 cells per well and then incubated for 24 h to reach at least 95% confluence. Serial dilutions of the virus stock were prepared and inoculated with 100 µl/well on MARC-145 cells. Infected cells were then incubated at 37°C and examined for their cytopathic effect 2 days later. The viral titre of each group, expressed as the TCID 50 , was calculated by the Reed-Muench method [20] . All experiments were done in triplicate.
Toxicity of IRPS for uninfected cells
The cell cytotoxic effect of IRPS toward MARC-145 was evaluated by MTT-based assay (Sigma-Aldrich, St Louis, MO, USA) as described previously [21] . MARC-145 cells were seeded onto 96-well culture plates at 2×10 4 cells per well. After 4 h of incubation, various concentrations of IRPS were added into each well. The cells were then incubated at 37°C with an atmosphere of 5% of CO 2 for 72 h. Later, the medium was discarded and cells were subsequently rinsed with phosphatebuffered saline (PBS). The MTT reagent was added and the plate was reincubated at 37°C for an additional 4 h to allow the development of formazan, then 100 µl DMSO (Sigma-Aldrich) was added to each well to suspend the cells. The optical densities (OD) were then measured with an automated plate reader (Thermo, Vantaa, Finland) at a test wavelength of 570 nm and a reference wavelength of 690 nm. All experiments were done in triplicate.
The cell cytotoxic effect of each tested compound was calculated by the following formula: percentage of cell cytotoxic effect =[1-(ODt/ODs)]×100%, where ODt and ODs indicate the absorbance of the test substances and the solvent control, respectively. The 50% cytotoxic concentration (CC 50 ) of IRPS was calculated by regression analysis of the dose-response curve generated from the data [22] .
Effect of IRPS on PRRSV replication in MARC-145 cells
The inhibitory effect of IRPS on PRRSV replication was investigated by measuring the TCID 50 after IRPSexposure. MARC-145 cells were seeded onto 6-well culture plates at a density of 10 6 cells per well and incubated for 24 h to reach at least 95% confluence. The culture medium was discarded and the cell monolayer was infected with PRRSV at a multiplicity of infection of 1. After 1 h incubation for virus absorption, non-absorbed virus was removed by washing with PBS 3×, and the medium containing the desired concentration of IRPS was added to the cultures. After 48 h post-infection, the cultural supernatants were collected for determination of the viral titre. The fraction of percentage inhibition of PRRSV replication was determined, and the 50% inhibitory concentration (IC 50 ), that is, the minimal concentration of IRPS required to suppress the 50% viral replication, was calculated according to a previously described method [23] .
The time-of-addition effect of IRPS was examined according to previously described procedures with minor modifications [24] . Briefly, MARC-145 cells were seeded onto 12-well culture plates at density of 5×10 5 cells per well and incubated for 24 h to reach at least 95% confluence. IRPS was added to the cells at a final concentration of 40 µg/ml either before (-6 and -3 h), during (0 h) or after (3 and 6 h) periods of PRRSV infection. After 1 h incubation for virus absorption, non-absorbed virus was removed by washing with PBS 3×. Then, the cultural medium was added to the cell. The cultural supernatants were collected for virus titre determination at 48 h post-infection.
The direct effect of IRPS on the infectivity of PRRSV particles was evaluated according to the procedures as described by Cheng et al. [24] with modification. Briefly, different concentrations of IRPS extract were mixed thoroughly with 10 4 TCID 50 PRRSV. The mixture was then incubated at 37°C for 2 h. After the incubation, the residual virus titre was determined by TCID 50 assay. The effect of IRPS on virus infectivity was calculated.
Effect of IRPS on viral nucleic acid synthesis and protein synthesis MARC-145 cells were infected with PRRSV at a multiplicity of infection of 1 for 1 h, then treated with different concentrations of IRPS for 4 h. At 24 h post-infection, the cells were harvested and viral RNA was isolated using the RNAiso Reagent (Takara, Da Lian, China). Quantitative realtime PCR was used to measure the messenger RNA expression level of PRRSV ORF5 gene according the previous reports [25] . The sequences of the primers were 5′-AAACCAGTCCAGAGGCAAG-3′ (forward primer) and 5′-CCACAGTGTAACTTACCTC-3′ (reverse primer). To value the relative expression level of the ORF5 gene in each sample, β-actin expression was used as a reference gene. The primers of β-actin were 5′-GAGAACCCACCCATCAGA-3′ (forward primer) and 5′-GCCAGGCGTCAGCACTA-3′ (reverse primer).
A double-antibody (sandwich) ELISA was used to quantify PRRSV GP5 antigen in culture supernatants. ELISA procedure was performed as previously established in our laboratory. Rabbit anti-PRRSV antibody (prepared in our laboratory [Henan Key Laboratory for Animal Food Safety, Zhengzhou, China] using the PRRSV HN strain) was used as the coating antibody, and PRRSV GP5 protein-specific monoclonal antibodies (prepared in our laboratory) were used as the detection antibody. Alkaline-phosphatase-labelled goat antimouse IgG (Sigma-Aldrich) was used as the secondary antibody. A sample was considered positive if the OD was greater than the mean background +2 standard deviations. Optimal dilutions of affinity-purified rabbit antibodies and mouse antibodies were determined for each batch prepared by box titration.
Statistical analysis
Results are presented as means ±se. The se was multiplied by an index, which was determined by the degree of freedom for 95% confidence. Statistical significance at P<0.05 was determined by either Student's t-test or rank analysis.
Results
Cytotoxic effect of IRPS on viability of MARC-145 cells
To determine the drug concentrations that did not affect cell viability to be used for subsequent assays, the cytotoxic effect of IRPS on MARC-145 cells was evaluated using the MTT assay. Results showed that IRPS displayed its cytotoxic effect only at high concentrations. The survival rate of the cells was up to 90.2% when treated by IRPS at 100 µg/ml. The drug, however, was found to be less toxic toward MARC-145 cells at concentrations of ≤80 µg/ml with a survival rate of the cells approximating 100%. The CC 50 of IRPS towards MARC-145 cells was at a concentration of 183.5 µg/ml.
Inhibitory effect of IRPS on PRRSV replication
The inhibitory effect of IRPS on PRRSV infections was investigated by TCID 50 and virus yield reduction assays. Results showed that IRPS has the ability to inhibit PRRSV infection in MARC-145 cell line and the inhibitory rate has a dose-dependent manner (Figure 1 ). The inhibitory effect in TCID 50 assay increased from 1 log to 2 log as the concentration of IRPS increased from 20 to 80 µg/ml. IRPS at 40 µg/ ml could inhibit PRRSV infection by >10-fold compared with the control groups. The percentage inhibition in TCID 50 assay increased from 48.2% to 80.8% when the concentrations of IRPS increased from 10 to 20 µg/ml. The concentration that inhibited 50% (IC 50 ) of PRRSV replication was 11.2 µg/ml. With the CC 50 and IC 50 values, the selectivity index was calculated by dividing CC 50 by the IC 50 . The selectivity index value of the IRPS was 16.38 for PRRSV.
To further study the inhibitory effect of IRPS, 40 µg/ ml of IRPS was added to MARC-145 monolayer culture at different periods (before, during and after) of PRRSV infection. Results showed that IRPS suppressed PRRSV infection significantly when added just during the virus inoculation (0 h), with a 1.5 log virus titre reduction (Figure 2) . However, when IRPS was added before or after virus inoculation (-6 or 6 h), the inhibitory effect was weaker showing only a maximally 1 log virus titre decrease.
From the results of the time-of-addition assays, it appeared that IRPS could have a direct inactivation effect on the virus itself. This was assessed in a subsequent experiment, where preparations of PRRSV were exposed for 2 h at 37°C to various concentrations of IRPS, and then infectivity measured by TCID 50 . The results shown in Figure 3 reveal that IRPS has indeed the ability to directly diminish PRRSV infectivity at concentrations of 20, 40 and 80 µg/ml. In addition, this diminishing effect was dose-dependent on IRPS dosage level, with the phenomenon of little effect (no statistical significance in analysis of TCID 50 ) at a concentration of 10 µg/ml.
Effect of IRPS on viral nucleic acid and protein synthesis
To further characterize the mechanism of IRPS inhibition on viral replication, the effects of IRPS on viral RNA synthesis in PRRSV-infected cells were investigated. The viral RNAs were quantified by real-time PCR. As shown in Figure 4 , the amounts of viral RNA were significantly reduced in a dose-dependent manner when infected cells were treated with IRPS. Large decreases of viral RNA synthesis were observed in the groups of IRPS-treated cells, especially at 80 µg/ml concentration, and the inhibitory rate was as high as 57.6%, indicating that the IRPS was able to decrease the amount of viral RNA accumulated in infected cells in a dose-dependent manner.
To determine whether IRPS also influenced the synthesis of viral protein, the amount of viral proteins accumulated extracellularly from PRRSV-infected MARC-145 cells were determined by double-antibody (sandwich) ELISA. As shown in Figure 4 , the amount of secreted GP5 proteins decreased in a manner dependent on the concentration of IRPS in the culture medium. As analysed by OD value, the relative amounts of GP5 protein appeared to gradually decrease from approximately 95% to 20% as the IRPS concentration increased from 10 to 80 µg/ml. A quantity of 40 µg/ml of indigowoad root polysaccharides (IRPS) was added either before (-6 and -3 h) or after (0, 3 and 6 h) virus infection. For the -6 and -3 h groups, IRPS were rinsed off prior to virus exposure. For the 0, 3 and 6 h groups, cells were treated with IRPS for 2 h. Then, the culture medium including IRPS was discarded, and the normal culture medium was added. At 48 h postinfection, virus was harvested and titres were determined. Each value is the result of mean ±se of three independent experiments. 
Discussion
This study, for the first time, has verified that IRPS has an antiviral effect on PRRSV replication in MARC-145 cells with evidence of reducing viral titre in the supernatant, inhibiting viral RNA and protein synthesis. From the results we could presume that IRPS may therefore play a potent role in the effect of inhibiting viral replication to some extent, and might be useful in the medical development for antiviral research.
Firstly, the present study demonstrates that IRPS has the ability to diminish viral infectivity at non-cytotoxic concentrations. Our results showed that IRPS at 40 µg/ ml could inhibit PRRSV replication by >10-fold compared with the control groups (Figure 1) . Moreover, there exists a dose-dependent manner between the inhibitory effects and IRPS concentrations. Kong et al. [11] have reported that a polysaccharide extract from Astragalus could inhibit the replication of Newcastle disease virus on CEF cells too [11] .
Given the importance of the IRPS addition time, the time-of-addition effect of IRPS was examined in our experiment (Figure 2 ). IRPS showed a significant inhibitory effect on PRRSV replication during the virus inoculation only (0 h), whereas addition of IRPS before or after incubation of cells did not protect the cells from PRRSV infection. This observation indicated that the IRPS could affect the initial stage of PRRSV infection. The reasons were deduced that IRPS may disturb the initial stage of PRRSV infection, including the attachment of virus to the cell membrane, the penetration of virus through the cell membrane and the transfer of viral RNA into the cell nucleus. Nevertheless, further studies are needed to verify the underlying mechanism of action of the IRPS on inhibiting PRRSV infection.
Based on the time-of-addition assays, it can be deduced that IRPS may have viral inactivation activity; therefore, in our next experiment, the viral inactivation effect of IRPS was evaluated. The result has demonstrated that coincubation of IRPS with PRRSV could decrease viral infectivity significantly (Figure 3 ). This phenomenon could be explained by the possibility that IRPS inhibits the first step of viral infection, that is, the stage of viral adsorption of virus. This may involve hindrance or improvement of barrier effects of mucus, glycocalyx and intercellular junctions. In theory, the virus could also fail to infect if it adsorbs onto IRPS. There may be some molecular mimicry between IRPS surface and a eukaryotic cellular receptor used by a virus for attachment.
Secondly, the effects of IRPS on viral RNA synthesis in PRRSV-infected cells were investigated in the current study. Our data demonstrated that IRPS could also reduce PRRSV RNA synthesis in a dose-dependent manner (Figure 4) . The results showed that PRRSV titre levels were reduced by approximately 2 logs of TCID 50 (approximately 99%) when cells were treated with 80 µg/ml IRPS, but the amount of PRRSV RNA in the cells was only reduced 57.6%, showing that the inhibitory level on PRRSV RNA synthesis was less than that on the viral replication. The reason for this discrepancy is uncertain but may reflect that the IRPS could inhibit one or more steps between PRRSV RNA replication and the release of virus particles in the culture medium. Similar reports have shown that prescriptions of Xiao chaihu decoction, Fufang Huangqi and Bingganling can partly inhibit the transcription of HCV structural gene in a dose-dependent manner [26] [27] [28] . Thirdly, our experiment verified that IRPS could also inhibit PRRSV protein synthesis (Figure 4) . IRPS (80 µg/ ml) reduced PRRSV protein synthesis by approximately 89%, whereas it reduced the amount of PRRSV RNA in the cells by only 57.6%, showing that inhibition of PRRSV RNA replication was less than that of viral protein synthesis. This also indicted that the reduction is not only due to a decrease in transcription of viral RNA, but also to a direct inhibition of translation of viral protein. IRPS might act upon certain PRRSV targets, which is necessary for protein synthesis and processing.
To understand the precise mechanism of inhibition of proteins synthesis, further studies are needed.
In conclusion, we have demonstrated that IRPS inhibits PRRSV replication in MARC-145 cells by blocking viral attachment, inhibiting viral RNA and protein synthesis. However, the precise mechanisms of the host and viral targets of IRPS are unknown, and further studies should be conducted to investigate the precise mechanism of the IRPS inhibitory effect on PRRSV infection.
